An inferential robust control technique is applied to an experimental fixed bed reactor. ITe controlled variables are the exit concentration and the mairmum bed temperature. Both controlled variabks are inferred from one singk temperature measurement. The location of this measurement is selected to optimize the performance of the closed-loop system when model uncertainty is albowed. Closed-loop expeiments are conducted to test the robustness characteristics of the controller. From these experiments, the operating regions most sensitive to modelling uncertainty are determined. The nonlinear system characteristics can caue significant offset in the inferred controlled variables.
Introduction
The application of inferential robust control to a fixed bed methanation reactor is studied. The experimental system is described in detail by Webb et al [1] . Webb operated the reactor under conditions of ful conversion. Ih the present work, we turn our attention to the problem of controlling the reactor under conditions of partial conversion. The controlled variables are the maximm bed temperature and the outlet concentration. The control objectives are to obtain stability and good performance over a range of dfferent operating conditions.
In practice, it can be problematic to measure concentration in real time. First, gas chromatographs are relatively expensive to operate and maintain. In addition, gas chromatographs have relatively slow sampling rates. This sow ling rate can affect the stability and deteriorate the performance of the closed-loop control system. For these reasons, one often infers the concentration from temperature measurements (inferential control). There are two important isues in the desig of an inferential control scheme:
-Which measurements should be selected for good cloed-loop performance?
-Given a set of measurements, how does one design an inferen tial controller which is robust to changes in the operating condi tLions?
In this work a mneasurement selection technique derived from Structured Singular Value Theory [2] is applied to the experimental reactor problem. The optimal measurement choice depends on the selected controller. In the presnt work the Internal Model Control (IMC) method is used for designing the controller since it leads to relatively simple crteria for measurement selection.
Inferential Control
Let the system be described by the following dynamic model: The flow rates of reacting gas, C02 and H2, as well as the inert gas, N2, are individually controled using mas flow controllers. The temperature of the resulting mixed stream is regulated using a heating tape. The concentration of the product ga is determined using a gas chromatograph. The product stream is sanpled every 3.5 min and the results of the analysis are stored in a personal computer where they can be easily referenced off-line. A compressor connected in series to the reactor enables to recycle the products stream.
The control objective is to regulate the exit concentration and the maximal bed temperature over a diverse set of operating conditions. These operating conditions are listed in Table 1 Th manipulted variable ae the recycle Dw rate and the power suppled to the tape heaters at the inlet of the reactor. Increasing the recycle flow rate increases the space velocity in the reactor and makes the reactor behave (at least kinetically) more like a continuous stirred tank reactor [7] . The methanation reaction varies from first order type for low C02 concentration to zero order for high concentraion of this reactant. Based on this fact it can be shown [7] Two arguments for selecting this specific uncertainty set are:
-Only uncertainty in G,,,, can affect the closd-loop stability.
-Since for measurement selection we are comparing the performance obtained using different measurements, the uncertainty associated with the measurements is most important.
Because the uncertainty for the steady state and for the dynamic situations are estimated using different approaches, they will be discussed separately below. The robustnes IMC filter is given-by:
By adjusting A different controllers can be desiped with different speeds of responsm.
Dynamic Measurement Selection:Results
In order to reduce the total amount of experiments and computation, the dynamic measurement selection is conducted for the thermocouples with the best and second best steady state performance. This corresponds, according to Table 4 . rom these bounds, the uncertainty bounds for G,, and G,d can be computed as explained above. In order to conduct the dynamic measurement selection, all the transfer functions have to be estimated for a nominal operating point and the estimator E has to be constructed. Once again, each one of the transfer functions is modelled as a first order system with timne delay. The gain, time delays and tint constants for these empirical transfer functions are estimated from step respones for the nominal operating condition (15 slpm recycle flowrate and 15% heating power). The estimated trander functions are shown in Table 3 . The sampling time for all the experiments is 40 seconds. [9] .This factorisation procedure leads to a dynamically decoupled system with the minil sttling time in the controd variables.
The matrix Ge is factored into an all-pm part and a minimm phase part.
G,, --GO G',m
The all-pm matrix, GeA,, is a diagoal matrix containing only dead time eements. Using this factorization,
Folowing the procedure outlined above, robust peromance norm bounds are derived for a(F) and r(I-F) where F is the low p IMC filter. The bounds cp and cI..r computed for thermocouples #13 and #11 as a function of frequency are shown in Fig. 5a and Fig. 5b respectively. According to these figures, thermocouple #13 is the one with the highest performance bounds . This is due to the fact that the uncertainty in the dynami parametes is much larger for thermocouple #11 than for thermocouple #13 (Table 4 ). This reinforces the steady state resut that indicated thermocouple #13 as the one with the best steady stat performance. Thermocouple #13 is the sensor clost to, but never pamed by, the hot spot in the window of operation.
Closed-Loop Experiments
The main goals of the closed loop experints are to test the stability and perfomanee of the inferential control wehea By comparing the theoretical prediction of stability and peromance to the experimental results, it will be posible to verify the identified uncertainty of the proces. All the experiment described below are conducted using thermocouple #13 for inference. Thus, both controlled variables, maximal temperature and exit concentration are inferred from sesor #13. The stability and the performance results are presented separately in the sequel Stability Results It is clear froufig 3 In order to check this result in the experimental system, we studied the diturbance rejection problem for diferent operating conditions using different filter time constants: 38 wc, 57 sec and 140 sec. These experiments are conducted in the following manner:
-The pressure in the Dowtherm container is increased resulting in a slow increase in wall temperature.
-The controUer is activated at a predefined operating point.
-The pressure inside Dowtherm container is released causing a step disturbance in wall temperature.
-The manipulated and controlled variables are monitored and stability of the closed-loop determined.
The operating conditions for which the experiments are performed and the stability results are presented in Table 5 . As is apparent firn experiments 3, 4, 5 and 6 in Table 5 , it is more difficult to stabilize the system for lower recycle flaw rates. That is, for small recycle flowrates the system appears to be most sensitive to model mismatch. By increasing the filter tine constant, we are able to maintain stability at low flow rates, but at the expense of a significantly reduced speed of response (experient 1). According to Table I the system uncertainty was identified for flow rates between 10 slpm to 18 slpm. However using the fil ter time constant computed from the robust stability condition (57sec), a limit cycle was obtained for an operating condition corresponding to 12 slpm recycle flowrate and 15% heating power (experient 2). Thus, the uncertainty in Gem was underestimated since it does not cover the range 10-12 slpm.
Performance Results The time history of the controlled varables associated with Experiment 5 are presented in Figure 6 . [10] for the control of a CSTR. In future work we intend to make use of this type of uncertainty description for the packed bed reactor. 
